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Abstract 

We discuss some experimental and theoretical results on single spin asymmetries (SSA) 
in high energy lepton-hadron and hadron-hadron reactions. In particular, recent results on 
meson SSA obtained by HERMES are considered in detail. We also discuss the SSA results 
obtained recently by COMPASS, as well as those from BRAHMS, PHENIX and STAR. Spe- 
cial attention is paid to a possible nonperturbative QCD mechanism that might be responsible 
for the observed meson SSA. This mechanism originates from the spin-flip quark- gluon chro- 
momagnetic interaction induced by the complex topological structure of the QCD vacuum. 
We argue that in semi-inclusive deep-inelastic scattering a large SSA is expected not only for 
mesons but also for baryons due to strong nonperturbative final state interactions between 
U(i-diquark and M-quark in the fragmenting proton. 
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1 Introduction 



The spin structure of the nucleon remains a very intriguing topic. In spite of tremendous 
experimental and theoretical efforts in the last twenty years, yet there is no clear under- 
standing of the spin structure of the nucleon based on fundamental QCD theory (see, e.g., 
the recent review pj). One promising way to progress in understanding the spin structure of 
the nucleon is to study various single spin asymmetries (SSA) in inclusive meson production 
in lepton-hadron and hadron-hadron interactions [2[|3]. At present, several experiments are 
producing very important results on SSA in high energy reactions. In particular, the HER- 
MES Collaboration at DESY has observed significant asymmetries in pion electroproduction 
on both longitudinally P], and transversely polarized proton targets [5l [6]. Furthermore, 
recently HERMES also announced preliminary data on the observation of a very large SSA 
for [6]. These data support the idea that SSA do not vanish in the high energy limit 
^ » Aqcd, in contrast to the expectation of the naive perturbative QCD (pQCD) ap- 
proach Ajy oc asnig/y/s ^ 1, in which SSA should be suppressed by both the small value of 
the QCD coupling constant and the small current quark mass iriq [7]. We recall that SSA at 
high energy and large transverse momenta were also found in inclusive and exclusive hadron 
production in hadron-hadron collisions a long time ago [8], [9]. At present, the investigations 
of SSA in hadron-hadron collisions are continued by STAR, PHENIX and BRAHMS at RHIC 
using very large energies [101 [H] . 

In this paper we will discuss experimental results and indicate a possible explanation of 
large observed SSA within the nonperturbative QCD approach. 



2 SSA results in SIDIS 

The main tool to study the mechanism of SSA in QCD using lepton-nucleon scattering is the 
measurement of SSA for vr and K meson inclusive electroproduction off a polarized nucleon 
target, i.e. semi-inclusive deep-inelastic scattering (SIDIS). The HERMES Collaboration [12j 
was using the polarized 25.7 GeV /e~ beam of HERA, which was scattered on a polar- 
ized proton target. The SSA measurements at HERMES are devoted to the extraction of 
information on the so-called Sivers distribution and Collins fragmentation functions which 
are appearing in the leading twist approach to SSA based on perturbative QCD (pQCD) 
factorization [21 13]. These functions carry important information on the structure of strong 
interactions at large distances and can be calculated only within nonperturbative QCD. For- 
tunately, in SIDIS on a transversely polarized target there is the possibility to separate the 
effects of these two functions because they induce two distinct angular dependences. The SSA 
for a transversely polarized target, 
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Figure 1: Polarized SIDIS kinematics. 



asymmetries which are proportional to the corresponding Sivers and Collins functions, re- 
spectively. The definition of angles used in ([T]),([2]) and ([3]) is shown in Fig.l The kinematic 
range of the HERMES experiment for the SIDIS reaction 

eik) + P(P) ^ eik') + h{Pn) + X{Px) (4) 

is as follows: 



W"^ > 10 GeV^ > 1 GeV^ 0.1 < y < 0.85, 0.2 < z < 0.7, (5) 

where 



{P + q)\ Q' = -q' = -{k-k'y, y = P-q/{P-k) 



P-Pn/{P-q). (6) 



The average value of the Bjorken variable x = Q"^/ {2P.q) for the HERMES SSA measurement 
is rather large: (x) = 0.09. The average value of the proton polarization was St = 0.78 ±0.04. 
In Fig. 2 HERMES data on Collins and Sivers asymmetries are presented. 
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Figure 2: Collins amplitudes (left panel) and Sivers amplitudes (right panel) for charged kaons 
(closed symbols, as labelled) and charged pions (open symbols, as labelled) as function of x, 
z and Ph±. 



The first main feature of the HERMES data is a large Collins and a small Sivers asym- 
metries for negatively charged particles. The second observation is a very large Sivers 
asymmetry. This asymmetry is bigger than the vr"*" asymmetry by approximately a factor 
of three. Such an anomalous asymmetry is very difficult to explain in the naive pQCD 
factorization approach to SSA, in which the main contribution to both and 7r+ SSA is 
coming from valence M-quark fragmentation. 

Recently, first results on SSA in SIDIS for vr- and i^-mesons produced by scattering 
positively charged muons with momentum 160 GeV/c off a deuteron target [13], and for 
positively and negatively charged particles off a proton target [14j, were presented by the 
COMPASS Collaboration [15]. The main difference compared to the HERMES kinematics 
is the much smaller value of x, in the range 0.008 -r- 0.02. One of the unexpected results 
obtained by COMPASS is that practically all SSA in SIDIS are compatible with zero, with 
the exception of an indication of a nonzero Collins asymmetry on the proton for both negative 
and positive hadrons at x > 0.05. A possible explanation for the difference in the observed 
SSA between HERMES and COMPASS is the rather different kinematic region of SIDIS 
explored by them. 



3 SSA in hadron-hadron interactions 



Additional information about the mechanism of SSA is coming from inclusive particle pro- 
duction in hadron-hadron interactions. Unfortunately, in this case it is impossible to separate 
Sivers and Collins asymmetries because no information is available about the parton scattering 
plane. 
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Figure 3: Comparison of charged pion asym- 
metries measured at 200 and 62.4 GeV by 
BRAHMS [IT] and at 19.4 GeV by E704 [8j. 



Figure 4: STAR experiment SSA data at 
y/s = 200 GeV for neutral pions as a function 



In this situation, one way to describe SSA in hadron-hadron scattering is using as input 
the Sivers and Collins functions which were extracted from fits to SIDIS data. However, this 
procedure is based on several strong assumptions. One of them is the assumption about the 
validity of factorization in the description of SSA. Moreover, the mechanisms of SSA in SIDIS 
and hadron-hadron scattering might be different (see discussion below). One evidence here is 
that SSA in hadron-hadron scattering practically do not show any energy dependence (Fig.3), 
in contrast to SIDIS where there are rather large differences in the SSA results obtained by 
HERMES and COMPASS. We would also like to point out that hadron-hadron data on SSA 
in elastic reactions [9] show some strong oscillations as a function of ph±. Some evidence for 



such oscillations one can also see in Fig.4 where recent STAR data on SSA for neutral pion 
production are presented ^LQl . Such behavior has never been observed in SIDIS and therefore 
can not be described by using the Sivers and Collins functions extracted from SIDIS data. 

4 Nonperturbative quark-gluon interaction as a source 
of SSA in high energy reactions 

As it was mentioned in the Introduction, even assuming factorization it is necessary to use 
some nonperturbative input to describe SSA. There are several calculations of the Sivers 
function which include nonperturbative dynamics in different ways. A first estimate of this 
function was obtained within the MIT bag model [17]. Recently, a calculation of the Sivers 
function was performed within the Isgur-Karl model [18]. However, we emphasize that these 
models can be used only for some qualitative estimates because they are based on the assump- 
tion of the dominance of perturbative gluon exchange between struck and spectator quarks. 
It is very hard to expect the validity of such an assumption for transverse momenta p± < 1 
GeV. In this approach, nonperturbative effects in SSA have the scale p± ~ 1/Rconf ~ ^qcd 
and are related only to confinement dynamics but they are not included in the interaction 
between struck and spectator quarks. In this respect, the final-state interaction mechanism 
for SSA considered in [19] also belongs to the above class of models. 

The model of the nonperturbative QCD vacuum based on strong topological fluctuations 
of gluon fields called instantons is one of the most successful models for nonperturbative QCD 
effects (see the review [20]). It has been shown that additionally to the famous multiquark 
t'Hooft interaction, which gives rise to a negative sea quark polarization in the proton [21], 
instantons also lead to spin-flip quark-gluon chromomagnetic interactions, which should have 
strong effects to SSA in high-energy reactions [22] (see also recent the discussion in [23] and 
|24] ) . The effect of including such interaction, 

f chromo _ ^ 9sf^a ,a/^a (j\ 

~ 2m* ^ ^ ' 

where Ha is the quark anomalous chromomagnetic moment, on the Sivers function was con- 
sidered in [25]. This contribution is arising from the interference of the diagrams presented 
in Fig. 5. 




Figure 5: The diagrams giving rise to SSA in SIDIS. The symbol I denotes the instanton. 

It was shown that this contribution is very large [25] and not suppressed by powers of the 
strong coupling constant. The specific flavour dependence of the instanton contribution leads 
to a large negative contribution to the w-quark Sivers function. Furthermore, it also leads to 



A 



a small Sivers function for the (i-quark. This is in qualitative agreement with the HERMES 
result on a large Sivers asymmetry for positively charged pions and a small one for negatively 
charged pions (see Fig. 2). For a more detailed comparison with data one should additionally 
include the contribution to SSA originating from the final-state interaction (FSI) induced by 
non-perturbative quark exchange between struck and spectator quarks (Fig.6) [26] . 




Figure 6: The quark-exchange FSI contributing to SSA in SIDIS. 




Figure 7: The diagrams which lead to nonzero SSA in hadron-hadron interaction. 

Finally, we emphasize that in fact the mechanisms leading to large SSA in SIDIS as 
presented in Fig. 5 and for hadron-hadron interactions [22] might be different, especially in 
the small p± region. As an example, in Fig. 7 we present the diagrams which might be 
responsible for SSA in hadron-hadron reactions (such a two-gluon exchange is subleading in 
SIDIS). 

5 SSA for baryons in SIDIS 

The mechanism that might be responsible for large observed SSA for different types of hyper- 
ons is one of the long-standing problems in strong interactions [271 [28] . In particular, a very 
large SSA for A-hyperons was observed with both polarized and unpolarized hadron beams. 
Recently, a large SSA for neutrons at large xp was observed by the PHENIX Collaboration 
[29] at a/s = 200 GeV. Such a large asymmetry is very difficult to explain in the conventional 
Regge approach [30j. We point out that the FSI between w-quark and M(i-diquark depicted in 
Fig. 5 should lead not only to a SSA for the meson coming from w-quark fragmentation but 



also to a SSA for baryons to which a M(i-diquark should mainly fragment. Indeed, in general, 
on the quark level the u-quark SSA in SlDlS is proportional to: 

= ^^fMupaS^PuQpku, (8) 

where A is some function of dynamical variables, S is the proton spin and p,q and are the 
momenta of proton, photon and M-quark, respectively. Due to conservation of total momentum 
one has 

P + q = ku + kud, (9) 

where kud is the wrf-diquark momentum and, therefore, the asymmetry for a wd-diquark should 
be opposite in sign to the w-quark asymmetry: 

j^ud _ —Ae^ppcjS^p^qpkud- (10) 

From Eqs. [8] and [10] it follows that one should expect a strong correlation between SSA for 
mesons and baryons which are fragmenting from w-quark and wrf-diquark, respectively. For 
example, in the case of scalar wrf-diquark dominance in the proton wave function, we predict 
for the Sivers asymmetry in SIDIS for directly produced A-hyperons and neutrons : 

A^*^(A) ^ -A''''{K+) (11) 
A''\neutron) ^ -A''^{n+). (12) 

In principle, such baryon asymmetries are hence expected to be large at HERMES kinematics 
because the experimental values for and tt^ Sivers SSA measured by HERMES are quite 
large [H El E]. The predictions in Eqs. [HI [12] are mainly based on momentum conservation 
and therefore quite general with a weak dependence on the FSI model used. 

Due to large statistics for A-hyperons collected by HERMES and COMPASS, there may 
be a real possibility to check our prediction Eq. [11] in SIDIS for a transversely polarized 
target. For the spin- zero Mii-diquark the Collins asymmetry for baryons is expected to be 
zero because this asymmetry is related to the correlation between the spin of the fragmenting 
quark system and the momentum of the resulting secondary particles. We also mention that 
it is difficult to predict the SSA for the outgoing proton in the SIDIS reaction e + p ^ p + X 
because it is well known that at large xp a large contribution to the inclusive cross section is 
coming from diffractive excitation of the proton. This contribution is expected to dilute the 
SSA for the final proton. 
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